Tectonic inclusions within the New Idria serpentine body contain jadeite in two distinct assemblages: (1) Lenslike inclusions containing a monomineralic green jadeite core surrounded by a calc-silicate rim. (2) Jadeite veins cross-cutting albite-crossite schist inclusions. In these veins jadeite coexists with low albite; green jadeite (Jd 75 Ac+Di+He 25) coexists with low albite within the host schist.
INTRODUCTION
EXPERIMENTAL studies and reports on new occurrences of jadeite within the past ten years have brought this mineral from comparative obscurity to a place of importance in metamorphic petrology. It is the purpose of this paper to describe, in detail, the jadeite occurrence within the New Idria serpentine mass and, in the light of recent experimental evidence, to suggest a genesis.
Jadeite was first recorded in this area by Mielenz (1939) as small grains within quartz-albite-jadeite schist from localized metamorphic zones of the Franciscan formation of Jurassic and Cretaceous age which flanks the New Idria serpentine mass to the west. Within the serpentine mass, jadeite was originally identified by Dr. George Switzer, U.S. National Museum, in stream boulders collected by Bolander (1950) along Clear Creek. This discovery aroused considerable interest, as it was the first recorded occurrence of massive jadeite on the North American continent. Previously, the only known deposits of massive jadeite were those in Tawmaw, Upper Burma; Kotaki District, Niigata Prefecture, Japan; and Motagua Valley of Guatemala. Careful field-work by Yoder & Chesterman (1951) disclosed that the boulders found by Bolander were derived from outcrops along the slopes of Clear Creek. A preliminary mineralogical description was given by Coleman (1954 Coleman ( , 1956 ) as part of a more comprehensive study of the New Idria serpentine mass (Coleman, 1957) .
The massive jadeite from this locality forms in rocks distinct from the jadeitic metagraywackes described in recent papers by Bloxam (1956 ), De Roever (1955 , McKee (1958) , Seki & Shido (1959) , and Shido & Seki (1959) . These authors describe jadeitic pyroxene as an essential mineral in metagraywackes composed essentially of quartz-lawsonite-jadeitic pyroxene-glaucophane. Jadeite from Clear Creek occurs with a different mineral assemblage and is of different composition.
GENERAL GEOLOGY
The Clear Creek jadeite deposits are contained within an elongate serpentine dome about 12 miles long and 4 miles wide, situated within the New Idria District, California (Fig. 1 ). This District is located in the southern extension of the Diablo Range of the California Coast Ranges. The regional geology has been described by Eckel & Myers (1946) , Anderson & Pack (1915) , Mielenz (1939) , Phillips (1939) , and Jennings & Strand (1958) . Their maps and discussions have been consulted, and in part incorporated into this description. A detailed map has been made of the serpentine mass (Coleman, 1957) and from this map the salient features related to this problem are taken and given in Fig. 2 .
Structure. The serpentine mass lies between the San Andreas fault on the west and the Great Valley of California on the east. The sedimentary rocks in this area are folded into a series of anticlines and synclines trending N. 70° W., which is oblique to the N. 40° W. structural trend of the San Andreas fault (Jennings & Strand, 1958) . The elongate oval body of serpentine is flanked by the Franciscan formation of Jurassic and Cretaceous age and the Panoche formation of Late Cretaceous age. These flanking sediments and the serpentine mass together comprise an asymmetric anticlinal dome that is the northern extension of the Coalinga anticline. Eckel & Myers (1946) have shown that the north-east flank of the dome is marked by overturned sediments that have assumed this attitude as a result of the irregular New Idria thrust fault which marks part of the serpentine-sediment contact. The remainder of the contact around the serpentine dome is marked by high-angle fault and shear zones. These structural relations suggest that the fault-bounded serpentine mass has moved upward through the Mesozoic sediments.
Serpentine body. The New Idria serpentine mass, as well as other serpentine bodies in the Franciscan formation of the California Coast Ranges, has been considered 'intrusive' into the Jurassic and Cretaceous sediments. Evidence to support intrusive emplacement is lacking. Faulted contacts and the nonexistence of contact metamorphism imply that emplacement was effected by tectonic movement rather than by magmatic intrusion; therefore the age of the primary ultrabasic rock cannot be determined by the presently exposed contact relations. The original movement of the ultrabasic 'magma' into the earth's crust may well have been during the period of maximum down-warping of the Franciscan geosyncline. Tectonic movements following the original emplacement After Eckel & Myers (1946) . R. G. CALIFORNIA 213 of the ultrabasic rocks were probably instrumental in starting serpentinization and the squeezing of the mass into its present position. That emplacement of the serpentine was accomplished, undoubtedly, in several distinct stages is demonstrated by the presence of abundant serpentine debris in near-by sediments of three different ages (Eckel & Myers, 1946) ; Upper Cretaceous (Panoche formation), Upper Middle Miocene (Big Blue serpentinous member of the Temblor formation), and Pliocene (Tulare formation).
Tectonic inclusions. Jadeite-bearing rocks within the serpentine are found in tectonic inclusions. The distribution, size, and shape of the larger bodies are shown in Fig. 2 . Smaller bodies associated with the larger masses, not shown on the map, may be less than 10 square feet in areal extent. Some of the larger bodies roughly parallel the regional NW.-SE. structural trend, but the smaller bodies are randomly orientated. Within each separate body the schistosity and planar structures are consistent; however, there is no correlation of these structures between each separate body. The inclusions were derived mainly from graywackes, tuffs, greenstones, spilites, keratophyres, and cherts characteristic of the Franciscan eugeosynclinal suite. In most cases, bedding and igneous textures have not been completely obscured by the attendant metamorphism of these inclusions.
Brothers (1954, p. 616) has described similar rock bodies within serpentines of the Berkeley Hills, California, and has referred to them as tectonic inclusions. Many other serpentine bodies within the California Coast Ranges contain foreign inclusions showing sheared contacts and random orientation. It is recommended that the term 'tectonic inclusions' be used to describe those inclusions, found within serpentines, which show random orientation and structural evidence of having been emplaced within the serpentine by tectonic movements-as originally set forth by Brothers. The contacts between the serpentine and the inclusions are sheared and faulted; however, in some instances where macro-shearing or faulting are not apparent, microscopic examination reveals shearing and alteration of serpentine to chlorite and andradite. Careful examination of the contacts revealed no evidence of metamorphism, within the tectonic inclusions, that might have Tesulted from contact with an ultrabasic magma. There is some evidence of metasomatic interchange between the serpentine and inclusions. Sodium-rich pyroxenes are found to invade and replace the serpentine near the contacts and along the borders of smaller pod-like bodies, and introduction of calcium is demonstrated by the development of calc-silicate within the inclusions.
The movement of the tectonic inclusions within the New Idria serpentine mass is extremely difficult to interpret. The tabular and elongate shape of the inclusions, combined with the vertical dip of the bedding or schistosity, indicate vertical movement within the serpentine. Semi-parallel orientation of these inclusions with the bounding faults demonstrates that such an alignment may have developed during the upward squeezing of the semiplastic serpentine. 214 R. G. COLEMAN-JADEITE DEPOSITS, CALIFORNIA These relations suggest that the inclusions were incorporated into the ultrabasic rock during serpentinization, or after serpentinization as part of an intense tectonic movement within the Diablo Range.
Similarity of mineralogy and bulk composition of the tectonic inclusions to the Franciscan formation suggest that the inclusions are blocks of Franciscan emplaced within the serpentine. In no instance were tectonic inclusions found that could be definitely related to rocks younger than Franciscan, nor were there rocks present that could be classed as older basement rocks.
Low-grade metamorphism is characteristic of the tectonic inclusions and is similar to that of the glaucophane schists found within the Franciscan formation. However, the inclusions do not show complete recrystallization and they are uniformly finer grained than typical California glaucophane schist facies rocks. Evidence for retrogressive metamorphism, often described in the glaucophane schists of California, was not found in these inclusions.
Diverse rock types are represented within the inclusions but, as shown by Coleman (1957) , their metamorphic grade is that of the glaucophane schist facies as defined by Fyfe, Turner, & Verhoogen (1958) . Albite-crossite schists similar to those found within the inclusions are not widely developed within the glaucophane schists of the Franciscan formation; however, their presence has been established by Palache (1894) , and Fyfe, Turner, & Verhoogen (1958) . Edgar Bailey & Julius Schlocker, U.S. Geological Survey (oral communication, 1960) , have also observed albite-blue amphibole schists within metamorphic terrains of the Franciscan formation in central and northern California. A small area of albite-glaucophane-chlorite schist outcrops within the Franciscan formation flanking the north-eastern part of the New Idria serpentine mass. Even though the albite-blue amphibole schists are not well known within the schist terrains of the Franciscan, and chemical analyses are not available to allow a precise comparison, it is evident that the albite-crossite schist tectonic inclusions are similar and can be correlated with albite-blue amphibole schists of similar bulk composition within the Franciscan formation. Jadeite is restricted to these quartz-free albite-crossite schist inclusions within the serpentine mass.
The relations between the albite-blueamphibole schists and the spilitekeratophyre lavas of the Franciscan will be treated in the section on petrology.
MINERALOGY
The mineralogy of the jadeite and the associated minerals is given in detail to characterize the deposits. For this purpose, representative rock types containing jadeite and associated minerals were carefully studied, rather than using the best development of a particular mineral. Mineral separations were made and each mineral identified by optical and X-ray techniques. Paragenetic relations were established from thin sections.
Jadeite. Jadeite from this area assumes varied habits and exhibits a rather wide range in composition. Nearly pure jadeite is found within veins cross-cutting albite-crossite-acmite schists. Within these veins, jadeite is white with only a faint green tint developing along the vein contact. Earlier generations of green fibrous jadeite associated with albite are developed within the schists containing veins of white jadeite. Green jadeite also forms in pod-like bodies where it commonly exhibits cataclastic deformation and is healed by intersecting veins of white jadeite. Two analyses of the white-vein jadeite and one of the green jadeite are given in Table 1 . White-vein jadeite is very nearly pure Jd (NaAlSi 2 O 6 ) whereas the green jadeite contains some Ac (NaFe 3+ Si 2 0 6 ), Di (CaMgSi 2 O 6 ), and He (CaFe 2+ Si 2 0 6 ). Calculations of these analyses to the components Jd, Ac, Di, and He were made following the system used by Hess (1949) . A chemical comparison of the Clear Creek jadeite with other jadeites and related jadeitic pyroxenes is shown in Fig. 3 . From this comparison it can be seen that many of the pyroxenes referred to as jadeite may contain considerable amounts of the deposits within the serpentine mass. Analyst: E. G. Zies (Yoder, 1950a) . (Jd 97-2, Ac 0-9, Di 1-9, He 00.) 9. White jadeite associated with albite in zoned pods surrounded by serpentine from Kotaki District, Niigata Prefecture, Japan. Recalculation of the analysis to fit the pyroxene formula shows the Na,O determination is in error as in No. 1. Data taken from Yoder (1950a) as derived from Omori (1939) and Kawano (1939) . ( ) These Meso-American jadeites are associated with low albite and, to a lesser extent, muscovite, sphene, actinolite, and zoisite. Although they have not been found in place, Foshag (1955) suggests that these gemstones form in and near the serpentine bodies of Guatemala. Analyst: Joseph Fahey, U.S. Geological Survey (Foshag 1955 (Foshag , 1957 Fig. 3 ). These pyroxenes have a very strong dispersion (r > v) combined with a low birefringence (0-006-0-008) in this compositional range. These properties have been previously observed by Bloxam (1956) and De Roever (1955) for jadeitic pyroxenes within metagraywackes and Shido & Seki (1959) report the sameoptical character for jadeitic pyroxenes in metamorphosed mafic intrusives. The strong dispersion and low birefringence in jadeitic pyroxenes of this composition may cause serious errors in identification, as clinozoisite could easily be confused with jadeite when the determination is based on a thinsection study.
In Table 2 , X-ray diffraction patterns of the analysed jadeites from Clear Creek are compared with jadeitic pyroxene from metagraywacke, and the data given by Yoder (\950a) for an analysed Burmese jadeite. The Clear Creek whitevein jadeite closely matches the spacings given for the Burma material; however, the jadeitic pyroxenes rich in Ac, Di, and He components show noteworthy changes in the (330), (441), (310), and (311) spacings. In addition to the shift in J-spacings, a weak but persistent peak at 21 -0 A is characteristic for the Ac-DiHe-rich jadeites (Table 2) . This peak at 21-0 A (001 ?) indicates the possibility of a super cell for jadeites of this composition and having a c-dimension exactly four times that given for pure jadeite. These changes reflect an increase in the a and b cell dimensions as it has been shown by Yoder (1950a) , Wolfe (1955) , Schuller (1958) , and Warren & Biscoe (1931) , that the c-dimension for all pyroxenes is essentially constant. Again, it is apparent that substitution of Di, (Eskola, 1921 (Bloxam, 1959) . (Jd 320, Ac 6-9, Di 45-9, He 15-2.) cent) from Healdsburg, Sonoma County, California.
24. Omphacite in eclogite (omphacite and garnet), hills west Analyst: F. A. Gonyer (Switzer, 1945) . Ac, and He components produce marked changes in the properties of jadeite; however, as shown earlier, it is not possible to determine the effect of each individual component. Further observations can be made from Fig. 3 that apply directly to the Clear Creek deposits and their relations to other jadeitic pyroxenes described in the literature. From the figure, it is readily apparent that jadeites from serpentines and metagraywackes form a distinct group containing less than 30 molecular per cent of Di, He, and Ac, whereas pyroxenes from eclogites, containing as much as 64 molecular per cent Jd, have a much wider range of solid solution but do not overlap the jadeites. This difference in the two types of pyroxene was defined earlier by Yoder (\95Oa) on the basis of geological association. The present study demonstrates that the pyroxenes from the Clear Creek deposits are clearly different from the omphacites reported from eclogites.
In the discussion to follow, the use of the term 'white jadeite' will be used to designate pyroxene with at least 95 molecular per cent Jd and 'green jadeite' will be used to describe pyroxene containing 5-30 molecular per cent of combined Di, Ac, and He. Optical and X-ray studies of various types of green jadeite, both in the pods and in albite-jadeite schists, demonstrate that their composition is similar to the analysed green jadeite ( Within the albite-crossite schists, small porphyroblasts of a green pyroxene are commonly developed along iron-rich stringers of the schists. Insufficient material was available for analyses, but the determined optical properties are similar to those of acmite: a = l-740±0-002; 2V X = 75-80° (-), X A c = 16°, X = light green, Y = colourless, Z = light yellow. Similar pyroxenes (Ac 48±, Jd 7±, Di 45±) are reported from albite-aegirine-augite and aegirine-augiteblue amphibole-garnet-albite-quartz schists from Sikoku, Japan (Banno, 1959) .
Albite. Plagioclase is a common associate of jadeite formed within the schistose tectonic inclusions, but within the pod-like jadeite deposits albite is not present. The following discussion, therefore, will refer only to albite coexisting with jadeite in veins or as a major constituent of the schist making up the tectonic inclusions.
Coarsely crystalline, vein albite develops as radiating clusters intergrown with, or partially replacing, jadeite. Later veins of albite cut the jadeite veins and within these late veins albite is intergrown with pectolite and thomsonite. Simple albite twinning is observed in some grains, but many individuals do not exhibit twinning. Within the tectonic inclusions, albite may make up as much as 50 per cent of the schists. Here the albite is extremely fine-grained and untwinned; however, the larger porphyroblasts of albite within the groundmass are characterized by simple albite twinning.
To establish the composition of the albite it was separated from the veins and schists by carefully controlling a bromoform-acetone mixture between a density of 2-64 and 2-65, and centrifuging. This density suggested a compositional range near that of pure albite, which was confirmed by a spectrographic analysis of the vein feldspar (0-1-0-5 per cent Ca, and less than 0-3 per cent K). The structural state was established by the X-ray diffraction technique described by J. V. Smith (1956) and J. R. Smith & Yoder (1956) . Composition of the plagioclase determined by the separations (T32-131), , and (111-lTl) after J. V. Smith (1956) 54-RGC-58 Albite from jadeite veins; analysed jadeite from same specimen 54-RGC-58-1 Albite from albite-crossite schist* 54-RGC-58-2 Albite from albite-crossitestilpnomelane schist 54-RGC-58-3 Albite from albite-crossiteacmite schist 54-RGC-58-4 Albite from albite-crossite schist 54-RGC-58-5 Albite from albite-crossiteacmite schist 54-RGC-58-6 Albite from albite-crossite schist (analysed rock, see Table 8 (Table 3) . Thus, as suggested by Smith, the separations 26 (l32)-20 (131) and 26 (111)-26 (ill) can be used to establish the composition of low albites, as has been done in Table 3 .
It has been pointed out by J. R. Smith & Yoder (1956) , J. V. Smith (1956) , and MacKenzie (1957) that the values so determined are only reliable within ±2 per cent An and that curves constructed from synthetic and natural feldspars may be valid only for those plagioclases used to establish them. However, the composition and structural state of the albite associated with the jadeite is now as well known as it conveniently can be, namely, between An 0 and An 2 and of the low form.
Zeolites. The presence of zeolites was established in all the tectonic inclusions bearing jadeite; however, some zeolites were restricted in their distribution.
Identification was based on optical and X-ray powder patterns of separated fractions obtained from the various rock types.
Thomsonite is present within the jadeite vein systems of the tectonic inclusions and also within the calc-silicate zone surrounding the pod-like jadeite bodies. It occurs as equigranular aggregates rarely exhibiting euhedral forms. Natrolite and pectolite occur as inclusions or are intergrown with the thomsonite. X-ray diffraction and optical data for thomsonite from the calc-silicate zone surrounding the jadeite pods are given in Table 4 . Following Hey's (1932) data for thomsonite, this material must have a composition near that of the calcium-rich types. Natrolite tends to crystallize as equigranular masses similar to thomsonite. However, within the jadeite vein system of the tectonic inclusions, it may be seen as large radiating groups intergrown with pectolite. It is most abundant within the veins and is of only minor importance in the calc-silicate zone of the jadeite pods. The following optical constants were obtained on the natrolite from veins cutting schist: a = l-476±0-002, /3 = l-478±0-002, y = l-488±0-002, 2V(+) = 56°±2°.
Analcime is the least abundant zeolite and is generally restricted to veins within the tectonic schist inclusions. It replaces jadeite and/or albite as irregular wormy patches. Recent work by Saha (1959) on natural and synthetic analcimes allows us to estimate its composition by use of refractive index and unit cell measurements. For the Clear Creek analcime, a unit cell of 13-74 A and a mean index of refraction of l-488±0-003 were recorded. Using figs. 1 and 3 of Saha (op. cit., pp. 303, 304 ) the molecular ratio of SiO 2 was found to be 4, and from this we can say that the composition of this analcime is very near the ideal, i.e NaAlSi 2 O 6 .H 2 O.
Hydrogrossular. Within the calc-silicate zone surrounding the jadeite pods, hydrogrossular forms as irregular masses intergrown with pectolite and thomsonite. Late veins of thomsonite-pectolite invading the calc-silicate rim contain irregular blebs of hydrogrossular closely associated with pectolite. Individual grains within these veins exhibit distinct zoning manifested by differences in refractive index; the indices increase from the core outward. Hydrogrossular was not identified in the veins cutting the tectonic inclusions.
To establish the compositional range of the hydrogrossular in the calcsilicate zone and in the later veins cutting it, -300 mesh material was centrifuged in liquids of known densities to produce a series of fractions. The resultant density fractions, although contaminated with pectolite, were used to establish the refractive index and unit cell constants of the hydrogrossular (Table 5) . It should be noted that the refractive indices suggest a wider range in composition than do the unit cell determinations, as the X-ray values represent an average value, whereas the lowest and highest indices are given. Using the data of Hutton (1943, p. 174), Yoder (19506, p. 243) , Flint et al. (1941), and Carlson (1956) on the grossularite-isometric tricalcium alumina hexyhydrate solid-solution series, the compositional range of the two occurrences was estimated.
To check the validity of the estimated hydrogrossular compositions, a fraction nearly free from pectolite was used by the author for a quantitative water determination. Total water was calculated as loss of weight after being heated in a platinum crucible at 900° C for 2 h in a muffle furnace. This fraction has an average refractive index of l-675±O-005 and a unit cell edge of 1206±001 A, which correspond to hydrogrossular containing 2-40 moles of H 2 O. Using the nomenclature of Hutton (1943) , these would fall in the hydrogrossular series which includes 'hibschite' (Pabst, 1942) , 'plazolite' (Foshag, 1920) , and 'grossularoid' (Belyankin & Petrov, 1941) . According to Hutton, no natural minerals in this series more hydrous than 'plazolite' have been found. The Clear Creek material, therefore, appears to be the first recorded hydrogrossular to contain nearly 14 per cent H 2 O.
Pectolite. Considerable difficulty was experienced in establishing the identity of pectolite within the Clear Creek rocks. The fibrous and fine-grained nature of this material makes it difficult to handle by optical techniques and originally it was reported as prehnite (Coleman, 1954) . The refractive indices and density are nearly identical for pectolite and iron-free prehnite, and as pectolite is elongated on the b-axis (Z /\b = 1-2°) it can easily be mistaken as having the orthorhombic symmetry of prehnite. Furthermore, the strongest lines of X-ray patterns for these two minerals coincide, particularly those at 3-08 A. X-ray powder patterns of this material, obtained at a later time, were found to match very closely prehnite patterns available to the author. Unfortunately, published X-ray powder patterns of pectolite exhibited many variations in intensity or spacings and did not appear to match the Clear Creek material, and it was not until an analysis was made that the identity of the Clear Creek pectolite was established. An excellent sample of pectolite from a tectonic inclusion within a serpentine body near Myrtle Creek, Oregon, was purified and chemically analysed (Table  6 ). Its composition is identical with the manganese and iron-free pectolites described by Schaller (1955) ; however, the gamma index, 2V, and birefringence of the Oregon material are lower than the values given by Schaller (1955) . The X-ray powder data agree fairly well with those given by Schaller (1955) and Hildebrand (1953) except that the intensities are not comparable. These differences could be explained by preferred orientation-a common problem with fibrous minerals, as shown by Hildebrand. Comparison of the X-ray data for the Oregon pectolite and the Clear Creek material demonstrates their similarity (Table 7) . Optical determinations are identical with all samples showing the anomalously low gamma index (1-623), birefringence, and 2V. No apparent explanation can be found for the optical discrepancies between these pectolites and those described in the literature. (Fig. 6) .
patterns, B-broad. 3. Pectolite (104-RGC-58 (4)) from late veins in calcsilicate zone surrounding jadeite pods (Fig. 6) .
Identification of the hydrated calcium aluminum silicates such as pectolite and prehnite is difficult in fine-grained metamorphic rocks and it is suggested that such determinations be based on careful optical and X-ray determinations.
Other minerals. Within the jadeite-bearing rocks and the associated schists are various minerals whose optical and other properties are listed below.
A fibrous blue amphibole within the schist bodies forms delicate needles, aggregates of fibrous bundles, or 'whisker-like' mattes. The optical character is similar to that given for crossite: p = 1 -662±0-002, y A c = 30-40°, 2V = 10-20° (-), X = yellow, Y = greenish blue, Z = deep blue.
Red-brown stilpnomelane is a common associate of the blue amphibole within the albite-crossite schists. Using Hutton's (1956) data for the stilpnomelane group, the optical character of the Clear Creek stilpnomelane indicates a (Fe 2+ , Mn, Mg) 0: (Al, Fe 3+ ) 2 O 3 ratio of about 1:1 (y = l-69±0-0O5, 2V = 0°( -), X = dark greenish brown, Y = Z = light yellow-brown).
The chlorite associated with the thomsonite-pectolite-hydrogrossular in the calc-silicate zone of the jadeite pods has the following optical properties: p = l-59±0-005, 2V = 5-10° (-) X = light yellowish brown, Y = Z = dark brown, birefringence moderate.
Carbonates are present both in the albite-crossite schists and in the calcsilicate zone of the jadeite pods. The density range for most of these carbonates was found to be between 2-90 and 300. The optics are a = 1-530, y = 1-685, 2V -approx. 20° (-), and the X-ray pattern match the standard for aragonite. On the basis of this data, the carbonate associated with the Clear Creek jadeite deposits is tentatively called aragonite.
Green biotite from veinlets within the jadeite pods has the following optics: fi = 1-64, 2V = small (-). This is the only mica found in these deposits.
Native copper is present as small isolated blebs (less than 1 mm) within the jadeite pods; the total amount is not significant enough to warrant more than a mention of its presence.
PETROLOGY OF THE JADEITE-BEARING ROCKS
Those rock types genetically associated with the jadeite deposits will be described in detail. The fine-grained nature of these rocks precludes any statements on the modal composition. Two distinct environments have been recognized for the jadeite deposits: (1) tectonic inclusions of schist containing jadeite as an essential mineral or in cross-cutting veins, and (2) pod-like bodies characterized by a central core of jadeite surrounded by a calc-silicate rim. In the discussion to follow, these two types will be treated separately.
Tectonic inclusions. As shown earlier, the tectonic inclusions within the serpentine mass have lithologies that are similar to the units that make up the Franciscan formation. Jadeite develops only within particular types that are high in albite and contain no free quartz. The typical greenstones and graywackes present within the serpentine mass as tectonic inclusions do not contain jadeite.
A detailed sketch-map of one of these jadeite-bearing inclusions is shown in Fig. 4 . This body is composed of a very fine-grained banded schist. Slaty cleavage developed parallel to the original bedding, and cross-joints normal to the bedding, contain jadeite-albite grading into albite-zeolite minerals. The banded schist is light grey-green to dark bluish green according to the minerals developed along the original bedding planes.
Under the microscope, these rocks are fine-grained (0-1-0-5 mm grain size) with the. largest individual grains rarely exceeding 0-3 mm. Albite, the most abundant mineral, forms an equigranular mosaic groundmass. Polysynthetic twinning is rarely developed in the groundmass feldspar; however, larger porphyroblastic grains commonly exhibit simple albite twinning. Crossite is the dominant dark mineral (5 to 25 per cent of the schist) forming delicate needles along shear planes, aggregates of fibrous bundles, or 'whisker-like' mattes.
Acmitic pyroxene, ubiquitous in these schists, makes up to 5 per cent of some of the darker-coloured schists. Its formation is favoured along shear planes containing abundant opaque material, and many grains characteristically contain relict opaque grains in their core. Sphene, pleochroic from pink to colourless, commonly forms in the opaque shear planes with the acmite. Stilpnomelane is a common accessory mineral of these schists, but rarely exceeds 1 or 2 per cent of the rock. Zircon was recognized in all the heavy residues (S.G. > 2-86) of these schists. Opaque material is concentrated along shear planes, forming crude segregation bands, and here blue amphibole, sphene, stilpnomelane, and acmite become concentrated. These opaque bands probably contained iron and titanium oxides that gave rise to the iron-rich silicates. Quartz was not found in any of the albitecrossite-stilpnomelane-acmite schists.
Folia paralleling the schistosity, within the lighter-coloured rocks, contain pectolite, albite, and carbonate. The minerals within the folia are late as they extend outward and partially replace the fine-grained schist.
In limited areas, along the margins of the tectonic inclusions, the albitecrossite schist grades into a much denser rock (S.G. = 3; 10) containing essentially fibrous, green, Jd-rich pyroxene intergrown with albite and banded by opaque stringers containing sphene. X-ray and optical determinations on this fibrous pyroxene suggest a composition similar to the analysis No. 3 in Table 1 (approximately 75 per cent Jd+25 per cent Ac, Di, He). Cross-joints developed in the green jadeite-albite schists are filled with white jadeite (PI. 1). The joints form in the 'a-c' plane of deformation and show no differential movement. The jadeite crystallized inward from the joints and in the central portions may be intergrown with low albite. Later shearing movements have offset the veins in some areas and albite is found healing shears and replacing the jadeite. Analcime is found replacing both the jadeite and albite in restricted areas within the veins (Fig. 5) . The contacts between the jadeite-albite veins and the schist are sharp and replacement of schist by the vein material was not observed.
Tracing the jadeite-albite-filled 'a-c' joints from the edge of the tectonic inclusion inward, jadeite is replaced by albite and zeolites. Natrolite and thomsonite predominate inward and form radial crystals that grow outward from the vein walls. Fibrous pectolite infills the interstices between the larger zeolite crystals.
Other tectonic inclusions within the area containing jadeite reveal the same pattern of jadeite deposition. These inclusions are also dominantly albite-rich schists lacking in free quartz and with greater or lesser amounts of stilpnomelane, crossite, and acmite. In the large inclusion (Fig. 2, Locality No. 1) small jadeite masses are present within the centre of the mass as well as along its margins. These all show transition from albite-crossite-stilpnomelane schists into green jadeite-albite rocks and there can be little doubt that this transformation took place with minor metasomatism.
Pod-like jadeite deposits. These bodies form bold resistant outcrops and have a very indistinct contact with the serpentine country rock (Fig. 2 , Locality No. 3; Fig. 6 ). Following the usage of Brothers (1954) these bodies could also be classed as tectonic inclusions; however, their small size and peculiar zonation place them in a different category from the schist inclusions previously described. Near the contact, the serpentine is sheared into ellipsoidal fragments that are veneered by a thin film of black, glassy antigorite completely surrounding bodies of chrysotile. This gives way to an earthy, weathered, chloritic material at the contact, showing extreme cataclastic movement. The outer rim of the pod is a tough, greenish to brown, fine-grained rock composed essentially of fibrous pectolite, hydrogarnet, thomsonite, and sphene. The sphene is concentrated in distinct bands reminiscent of bedding or schistosity, although the other minerals within the rock form an extremely fine matte of interlocking grains.
This outer zone grades imperceptibly into a similar rock that is brownish, with a cavernous weathered surface. It also is composed of an interlocking matte of thomsonite, pectolite, and hydrogamet, with late veins of hydrogamet. Irregular patches of carbonate, showing a peculiar sieve-texture, are common throughout the rock. Again, sphene forms segregated bands that appear to be sheored conlocl ..""".. relicts of original bedding. Pale greenish-brown chlorite is concentrated along shear planes. Within this calc-silicate zone, irregular white veins and pockets permeate and replace the greenish-brown rock (Fig. 6 ). These late veins contain mostly thomsonite with small blebs of natrolite as a mosaic aggregate. Pectolite crystallizes in isolated fibrous bundles associated with irregular patches of hydrogamet. The compositions of the hydrogrossular from this rock were given in Table 5 . The zone of hydrated calcium-aluminium silicates grades into a central pod of jadeite. Where the two zones meet, there is an area, several inches wide, of interpenetrating jadeite and calc-silicates. Although some replacement of jadeite is noted within an inch of this contact, no replacement of jadeite was found extending into the jadeite core. The core is almost monomineralic, except for small veinlets of zeolites and biotite. Small but persistent clots of native copper are present throughout the jadeite core. No apparent structures can be observed in this core; however, when large slabs are cut, a crude banding or schistosity is revealed. This banding is crumpled and tightly folded, similar to that observed in the albite-crossiteacmite schist. The banding is not continuous, as fracturing has brecciated this material and it has later been healed by white jadeite. Two generations of jadeite can be distinguished in the core: (1) Green jadeite is dominant in the brecciated fragments that show banding. Here the jadeite has a cataclastic texture and is crowded with minute inclusions that give it a dirty appearance. (2) White jadeite forms in and around the brecciated green jadeite as veinlets healing the core into a compact mass. The late white jadeite is coarsely crystalline and free of inclusions. Optical constants determined for the green jadeite indicate considerable solid solution of Di-Ac-He (y = 1-679, ZAC = 40°, 2V = 66-86° (+), r > v extreme, birefringence = 0-004), whereas those for the white jadeite are similar to those found for the analysed vein jadeite (Table 1, No. 1 y = 1-666, ZAC = 34°, 2V = 70° (+), no dispersion, birefringence = 0-012). The early green jadeite is characterized by a strong dispersion and lower birefringence, whereas the late white jadeite shows no dispersion and has a much higher birefringence. This striking difference between the early green jadeite and the late white jadeite is consistent for all the specimens examined in the Clear Creek area.
Six pod-like masses have been found within the area shown by Locality No. 3, Fig. 2 . These bodies are quite similar in size; however, the calc-silicate zone as described for the body shown in Fig. 6 is completely lacking in some of the other pods. Banding is well-developed in some bodies but less so in those bodies that have been brecciated and healed by white jadeite.
The zoning, and to a certain extent the shape, are similar to those pods described by Lacroix (1930) from Tawmaw, Burma, and to the Kotaki deposits, Japan, discussed by Iawo (1953) and Shido (1958) . The Tawmaw occurrence has a central zone of jadeite followed by albite-jadeite and albite zones that grade outward into amphibolite at the serpentine contact. The Kotaki bodies exhibit similar zoning, with a central core of albite and some free quartz followed by a thin rim of jadeite which in turn gives way to an amphibolite zone at the serpentine contact.
The association of pods with larger tectonic inclusions and the relict banding of these bodies indicate a probable common source rock for all the jadeitebearing rocks in the Clear Creek area. The chemical composition, as discussed next, provides further evidence of this relationship.
CHEMISTRY OF THE JADEITE-BEARING ROCKS
From the previous discussions concerning the mineralogy of the jadeitebearing rocks and the associated rocks, it is apparent that their chemical composition is indeed unusual. Table 8 presents analyses of three selected rocks representative of the Clear Creek area, two graywackes of the Franciscan formation, and two quartz keratophyres from the Del Puerto volcanics Franciscan formation of Maddock (1955) . The schists characteristic of the tectonic inclusions are represented by the albite-crossite schist (No. 3). The variation between the 1. Jadeite core from pod (1O5-RGC-58-3) (Fig. 6 ). 2. Pectolite-thomsonite-hydrogrossular rock from jadeitebearing pod (105-RGC-58-2) (Fig. 6 ). 3. Albite-crossite schist from jadeite-bearing tectonic inclusion (54-RGC-58-6) (Fig. 4) Rocks from the Clear Creek area are distinctly low in silica and enriched in sodium. The albite-crossite schist is similar to the monomineralic jadeite core, each showing approximately a 1:1 molecular ratio of Na 2 Oto A1 2 O 3 . In contrast, the calc-silicate zone surrounding the jadeite pods is enriched in CaO and low in Na 2 O.
The relations between the Clear Creek rocks, those characteristic of the Franciscan, and those from other jadeite localities must be made clear before an ultimate source rock can be established. Descriptions and sources of plotted rock analyses: New Zealand graywackes. Twenty-eight analyses of lower Mesozoic, Palaeozoic, and Precambrian graywackes (Reed, 1957) . California graywackes and metagraywackcs. Seven analyses. (Davis, 1918; Taliaferro, 1943; Bloxam, 1956 ; two analyses, Table 8 ). Jadeite deposits, Tawmaw, Burma. Five analyses representative of the zones in the Tawmaw Dike (Lacroix, 1930) . Jadeite deposits, Kotaki, Japan. Thirteen analyses of albitites associated with jadeite-bearing rocks (Iwao, 1953) .
Keratophyric and spilitic rocks. Five selected analyses representing highly sodic varieties (Benson, 1915; Park, 1946; Dewey and Flett, 1911; Sundius, 1930; Norin, 1937;  two analyses, Table 8 ). Rodingites. Analyses taken from Bloxam (1954) , Baker (1959) , Marshall (1911) , Grange (1927), and Miles (1950) . Jadeite deposits. Clear Creek, California (three analyses, Table 8 ). The field boundaries are arbitrary and are not meant to be restrictive in a chemical sense.
Niggli values determined for these rock types. Here the values al, alk, fin, and c are used to characterize each analysed rock. The values/m and c are combined so that 2[al+alk+{fm+c)] = 100.
Graywackes from New Zealand (Reed, 1957) and California (Taliaferro, 1943; Bloxam, 1956 ) are plotted along with three California jadeite-bearing metagraywackes (Bloxam, 1956) to establish the apparent homogeneity of this group of rocks. Available and reliable rock analyses of jadeite-bearing and associated rocks from the Tawmaw, Burma, occurrence (Lacroix, 1930) and the Kotaki District, Japan (Iwao, 1953) , are also plotted. To complete the picture, two quartz keratophyres from the Franciscan formation Del Puerto volcanics of Maddock (1955) in the Mt. Boardman quadrangle, California, are included with other spilitic and keratophyric rocks typical of these orogenic zones.
The comparison of Niggli values for the jadeite-bearing rocks, when plotted in this fashion, reveals three distinct groups that are related to their mode of occurrence. Jadeite deposits within serpentine masses from Burma, Japan, and California are characterized by nearly equal amounts of al and alk with very low/w+c. These are considered as comprising a distinct group. A second group is formed by the peculiar Ca-Mg silicate zones surrounding the jadeite-albite masses in serpentine. Jadeite is not reported in these zones from Burma (Lacroix, 1930) or Japan (Iwao, 1953) ; however, these rocks represent intermediate reaction zones between the jadeite masses and the enclosing serpentine. Most of the rocks from the Kotaki District, Japan, are described as albitites and none of those analysed is truly representative of the jadeite masses. Analysed rocks from Tawmaw, Burma, however, include both the jadeite and albitite zones.
A third group is formed by the California and New Zealand graywackes, and the jadeite-bearing metagraywackes of California. Metamorphism of California graywackes to quartz-jadeite-lawsonite schists produces no apparent change in bulk composition, as shown by the coherence of this third group on the diagram. It seems clear, then, that jadeitic metagraywackes represent a distinct metamorphic facies. Reed (1958) has shown very clearly that regional metamorphism of the New Zealand graywackes, similar in composition to California graywackes, gives rise to schists typical of the greenschist and amphibolite facies. These same graywackes of the New Zealand geosyncline are characterized by the zeolite facies in less intensely metamorphosed areas (Coombs et al., 1959) .
In contrast, the albite-crossite schist within the New Idria serpentine mass has an unusual composition. Extensive metasomatism of these schists is not supported by field and petrographic evidence. Preservation of original bedding planes attests to their sedimentary origin; however, almost complete reconstitution of the minerals precludes a possible clue as to whether the source-material was detrital and/or volcanic. Close similarity in composition between the Franciscan Del Puerto keratophyres and other keratophyres described by Benson (1915 ), Norin (1937 ), and Park (1946 , and the albite-crossite schist suggests that they may have been derived from keratophyric pyroclastic marine sediments. The extremely low K 2 O content of the Clear Creek schists sets them apart from other Na 2 O-rich sediments such as the Gowganda Precambrian argillites (Pettijohn & Bastron, 1959) or the Tibet hornstones (Norin, 1937) . Even though these argillites and hornstones are exceptional for their high Na 2 O/K 2 O ratio, the total K 2 O content is much greater than that found in the schist of the Clear Creek area.
It is difficult to establish a direct connexion between the pod-like jadeite occurrences and their pre-metamorphic precursors. However, a plot of the SiO 2 -Al 2 O 3 -Na 2 O molecular ratios for the Franciscan Del Puerto quartz keratophyres, the albite-crossite schist, and the jadeite cores (from Table 8 (Fig. 8) . By progressive loss of SiO 2 , the keratophyric rocks could easily attain a composition favourable for the formation of jadeite. Desilication could be effected during and after tectonic emplacement of keratophyric material within serpentine. The unusual zoning suggests this possibility, as these small bodies may have differentiated during metamorphism of keratophyric tuff. The striking resemblance in composition between the jadeite core and albite-crossite schist gives further credence to this possibility. The outer calc-silicate zone in many respects resembles (Fig. 7) the mineralogy of rodingites (Grange, 1927; Bloxam, 1954; Baker, 1959; Miles, 1950) . It is generally considered that hydrothermal calcium-rich solutions within serpentines alter gabbroid rocks into calc-silicate masses of hydrogarnet, idocrase, and diopside (rodingites) during the process of serpentinization (Benson, 1915; Bloxam, 1954) . The outer margins of jadeite pods may well have developed in a similar manner during the period of metamorphism of the keratophyric inclusions to jadeite. The high boron content and increase in chromium over that in the jadeite core are interpreted as evidence for this reaction (Table 8) . Enrichment of boron in serpentines has been demonstrated by Faust et al. (1956) and they consider that this enrichment takes place during serpentinization. The boron content of six serpentine samples from the New Idria mass ranges from 0-01 to 0-05 per cent boron by spectrographic analyses, whereas the jadeite core shows 0002 per cent and the albite-crossite schist contains less than 0-002 per cent boron. This boron concentration demonstrates that formation of the jadeite core and calc-silicate border may have been contemporaneous with, or later than, the process of serpentinization.
The clustering of the larger tectonic inclusions and pods in the Clear Creek area indicates that during serpentinization or shortly thereafter, keratophyric tuff blocks of varying sizes were emplaced tectonically. The smaller bodies undergoing more intense metamorphic reaction with serpentine have become zoned, whereas the larger bodies show only local reaction with the enclosing serpentine.
In considering the Burmese, Japanese, and Californian occurrences, a striking parallelism is observed in their chemical composition and zoning. All these occurrences show a zoning which, in a general way, follows the same pattern. The central core is usually albite and/or jadeite intergrown or as distinct bands. This central core is surrounded by a rim which is characteristically enriched in Ca-Mg silicates. The mineralogy for these three occurrences varies considerably from one to the other; however, the bulk composition of each zone demonstrates a remarkable consistency, i.e. Na-Al-rich cores and Ca-Mg-rich borders. Rather than call on exotic intrusives or desilicification of granitic intrusives (cf. Lacroix, 1930; Chhibber, 1934; Bleeck, 1907) to explain these deposits, it seems much more reasonable to assume an original composition in keeping with the common associates of these orogenic zones; i.e. serpentine-graywackes, spilites-keratophyres.
The mutual chemical and geological conformity between the Californian, Japanese, and Burmese jadeite deposits manifests a common genesis. It is proposed that these deposits developed from keratophyric or spilitic inclusions tectonically emplaced within serpentine. Following emplacement, metamorphic reaction at depth, between serpentine and inclusions, provided an environment that allowed the stable formation of jadeite.
MINERAL FACIES AND THEIR RELATION TO THE FORMATION OF JADEITE
Important to a discussion regarding the origin of jadeite in these deposits is a clear description of the associated minerals that appear to be in equilibrium with jadeite, and of those that have formed either earlier or later than the jadeite. It is apparent from the textural relations in many thin sections studied that equilibrium may never have been attained during the period of jadeite crystallization; however, where jadeite coexists with other minerals and replacement one by the other was not suggested by their textures, it is assumed that the coexisting minerals closely approached equilibrium.
As shown in a previous section, jadeite is found in two distinct environments: (1) small areas in albite-crossite schist inclusions, and (2) pod-like bodies associated with calc-silicates.
Within the schist, green jadeite was not replaced by albite, nor was it found replacing acmite or glaucophane. The stable assemblage is:
Green jadeite (5-25 per cent Ac-Di-He)+low albite (Ano-2 )
As the small areas of green jadeite-albite schists can be traced into albitecrossite schists, it is assumed that the formation of jadeite was accomplished by metamorphism of the albite-crossite schist. Veins of white jadeite (98 per cent Jd) cutting the green jadeite-albite schist are clearly later, and again show the following stable assemblage:
White jadeite (98 per cent Jd)+low albite (An<,-2 )
Within the veins, low albite (An o -2 ), analcime, and zeolites are found replacing the jadeite-albite assemblage. These joints may represent low-pressure zones similar to those developed in boudins (Ramberg, 1955) and contain 'sweated out' silicates and hydrous phases representing an accumulation of available liquid within the low-pressure zone. Experimental studies on the stability of the mineral assemblages present in the Clear Creek area have been under intensive study during recent years, and therefore a discussion of the natural assemblages, in the light of the experimental findings, is necessary. The reactions previously studied, together with the relevant references to some of the experimental work and thermodynamic relations, are given below: nepheline+albite = 2 jadeite (1) (Robertson et al, 1957; Adams, 1953; Yoder & Weir, 1951) analcime = jadeite+water (2) (Griggs & Kennedy, 1956; Fyfe & Valpy, 1959) albite = jadeite+quartz (3) (Robertson et al, 1957; Fyfe & Valpy, 1959; Birch & LeComte, 1960) analcime = nepheline+albite+water (4) (Yoder, 1954 (Yoder, , 1950a Fyfe & Valpy, 1959) The complete absence of quartz from the Clear Creek jadeite deposits eliminates reaction (3) from this discussion or it would have to be assumed that silica was removed from the system during jadeite formation. Kracek et al. (1951) have determined the thermodynamic properties of jadeite and the other minerals involved in reactions (1) and (2). As shown by their data, the formation of jadeite is favoured by a silica-deficient environment because the free energy change for reaction (3) is positive (AF= +1 -60 K cal at 298° K), whereas for reaction (1) it is negative (A F = -1-15 K cal at 298° K). Considering the composition of the albite-crossite schist, and the lack of quartz both during the formation of jadeite and during its inversion to albite and/or analcime, reactions (1) and (2) more nearly represent the composition during the Clear Creek jadeite formation. It must be stated that nepheline was not identified in any of the specimens from the area, but for this discussion the nepheline molecule could be contained within natrolite.
Assuming that the bulk composition of the jadeite-bearing rocks was derived by desilicification of keratophyric material within the serpentine mass, a diagram can be constructed to demonstrate the sequence (Fig. 9) phases expected with each compositional type are included on the diagram. The keratophyres, albite-crossite schists, and jadeite pod all fall on or near the SiO 2 -Ab-Jd-Ne line. An estimated composition of the zeolite-jadeite veins in the schist bodies is plotted to illustrate their high water and low silica content.
Modal analysis of the keratophyres shows 53-58 per cent albite and 35-38 per cent quartz (?); the remainder consists of varying amounts of chlorite, augite, and opaque minerals (Maddock, 1955 (1957) has discussed in detail, on a theoretical basis, possible univariant P-T curves and invariant points within this same system. Following his reasoning, the mineral assemblages associated with the Clear Creek jadeite are plotted in the triangular diagram of Fig. 9 . The coexisting mineral phases most commonly observed are as follows; these may be stable or metastable assemblages:
(1) Jd; (2) Jd+Ab; (3) Ab; (4) Ab+Jd+A; (5) Jd+A+Na. Robertson et al. (1957) , (2) Griggs & Kennedy (1956) , Fyfe & Valpy (1959) , (4) Yoder (1954) .
Jd+Ab coexisted, in the early stages, and as crystallization continued Jd became the dominant phase with a minor development of Jd+Ab+A. At this time the bulk composition could have been within the triangle Jd-Ab-A and near the Jd-Ab tie-line. The appearance of A suggests local variations in water pressures or temperatures. The experimental stability of analcime, as shown in Fig. 10 , indicates that it is stable up to 500° C when P HiO = P lotal . Yoder (1954) has shown that this stability limit of analcime is reduced to 400° C when P HjO = 1 atm. For reaction (2), Fyfe & Valpy (1959) have suggested that the equilibrium curve (Fig. 10 ) may assume a positive slope at low temperatures. Therefore at low temperatures, when P HtO < P total , jadeite may form more readily as the analcime field of stability becomes restricted. Nepheline is not found in the Clear Creek deposits; however, natrolite is found sparingly replacing jadeite and analcime or coexisting with analcime. Na+Jd+A could coexist when the bulk composition lies within the triangle Na-Jd-A. By changing this composition to lie within the triangle A-Jd-Ab, Na would not be stable and Ab would appear. Natrolite and albite were not found together in any of the deposits.
Jadeite and albite may exist at moderate temperatures and high pressures (Fig. 10) , as shown by Robertson et al. (1957) . Replacement of this pair by analcime, and in the later stages by natrolite and other zeolites, suggests either a low silica environment, increase of H 2 O, or lower pressures and temperatures. The amount of H 2 O determines to a large extent the mineral assemblages and H 2 O undoubtedly must have been present in varying amounts during the formation of the Clear Creek deposits. Fyfe & Valpy (1959) have suggested that jadeite may form at low temperatures and high pressures if the water pressure is less than the total pressure; however, there is no way of determining the water pressures relative to the total rock pressure for the Clear Creek deposits.
The mineral assemblage formed in the calc-silicate zone surrounding the jadeite pods provides us with a means of comparing the mineral facies developed in calcium-aluminium silicate rock and the jadeite core facies. It has been said that the calc-silicate zone formed as a reaction between the pod and fluids present within the serpentine. Whether this reaction took place during serpentinization or at the time of jadeite formation is not clear. The composition of the calcsilicate and jadeite zones is so distinctly different (Table 8 ) that the calc-silicate zone cannot be regarded as a retrogressive metamorphic equivalent of the jadeite core. The minerals now present in the calc-silicate zone are considered to have formed under the same P-T conditions as those giving rise to the jadeite core. The following minerals are found to coexist in this zone:
pectolite-thomsonite-hydrogarnet-carbonate The mineral phases have been plotted on a triangular diagram with CaOSiO 2 -Al 2 O 3 at the apexes, together with a point representing the approximate composition of the rock containing these minerals (Fig. 11) . Experimental work on the stability of grossularite-hydrogrossular by Flint et al. (1941), Yoder (19506), and Carlson (1956) allows for some speculation on the conditions for formation of hydrogrossular in this rock. Yoder has shown that grossularite in the presence of water at elevated temperatures is unstable and inverts to hydrogrossular. Above 750° C grossularite-hydrogrossular solid solutions are unstable and invert to gehlenite-wollastonite-anorthite in the absence of quartz. Carlson (1956 ) extended Yoder's curve and has defined the relationships between temperature of formation and composition, for the hydrogarnets. The silica content of hydrogrossular increases with temperature up to 800° C, 1,020 atm, at which point grossularite becomes stable, whereas fully-hydrated hydrogrossular is stable at 220°-226° C, 1,020 atm. Assuming that the hydrogarnets associated in the calc-silicate zone formed contemporaneously with the jadeite core, a minimum temperature of formation can be estimated. To make such an assumption, it would be necessary to exclude the possibility of silica loss during the hydrogarnet formation. Pistorius & Kennedy (1960) have shown experimentally that the presence of quartz might affect the stability of grossularite-hydrogrossular; however, it is doubtful that equilibrium conditions were obtained, because the unit cell variations of their synthesized hydrogarnets suggest strong compositional variation. With these restrictions in mind, hydrogarnets from the calcsilicate zone may have formed at temperatures ranging from 240°-360° C, and hydrogarnets in late veins suggest temperatures between 260° and 300° C. These reactions are not necessarily pressure-dependent, as demonstrated by Yoder (19506) and Carlson (1956) .
Further evidence on temperature and pressure conditions within the calcsilicate zone may be obtained by considering Fyfe's work (Ellis & Fyfe, 1957; Fyfe, Turner, & Verhoogen, 1958; Fyfe & Valpy, 1959; Coombs et ai, 1959) on the stability of thomsonite-lawsonite-anorthite. As shown in Fig. 11 , lawsonite or anorthite could be expected to form within the calc-silicate rock with a slight increase of silica content. Fyfe has suggested that thomsonite is stable below 300° C with low water pressures; with an increase in water pressure above 5,000 bars, thomsonite may invert to lawsonite. Anorthite is stable above 300° C at low water pressures and might also invert to lawsonite by a large increase in the partial pressure of water. Assuming that the bulk composition would allow the formation of lawsonite, the presence of hydrogarnet and thomsonite within the calc-silicate zone suggests that the temperatures were less than 300° C and that the pressures ranged from 5,000 to 8,000 bars.
Additional indirect evidence on the P-T conditions prevailing during the formation of jadeite in the Clear Creek area may be obtained by considering the reaction:
. .
•,,,,, serpentine -> iorstente+talc+vapour All the jadeite-bearing rocks lie within the serpentine and, as discussed earlier, the period of jadeite mineralization is considered to be later than, or contemporaneous with, the period of serpentinization. Bowen & Tuttle (1949, p. 459) state:' serpentine cannot be present in any layer of the earth's crust whose temperature is normally above the decomposition temperature (500° C) under the pressure prevaling'. The serpentine, then, fixes the maximum temperature as there is no evidence for the decomposition of serpentine to forsterite+talc in the Clear Creek area.
The schists from the tectonic inclusions are classified as belonging to the greenschist or glaucophane schist facies as defined by Turner (Fyfe, Turner, & Verhoogen, 1958) . As lawsonite has not been identified in these rocks and the jadeite is restricted to local areas within albite-crossite-stilpnomelane schists, it seems appropriate to place the schists in the chlorite zone of metamorphism as defined by Hutton (1940) . Turner has suggested that the greenschist facies probably does not form below 300° C with /> Hj0 between 5,000 and 10,000 bars.
If the interpretation of the mineral facies is correct in the light of experimental data, and if the observed geological relations are correct, it is suggested that these jadeite deposits developed at temperatures less than 300° C and at pressures near 5,000 bars with P load > P HjO .
These P-T values are much less than have been recorded experimentally for reactions (1), (2), and (3). However, several points of difference can be cited between the experimental conditions and the reconstructed conditions found for the Clear Creek jadeite deposits; these differences may explain why jadeite develops at low temperatures and moderate pressures.
(1) The jadeite composition varies from almost pure material to as much as 25 per cent Di-Ac-He. The effect of diopside-acmite solid solution has not been investigated for reactions (1), (2), and (3). It would seem probable that Ac solid solution in the Jd molecule could strongly affect the stability curve of jadeite and would certainly lower its stability pressure, as Ac is stable at 1 atm. (2) As a low silica environment favours the formation of jadeite, it may be that the serpentine mass continuously captured silica during the period of jadeite mineralization. Leaching of silica from tectonic inclusions may be simultaneous with the formation of serpentine if we assume the reaction forsterite+SiO 2 +H 2 O = serpentine. Removal of silica during experimental synthesis of jadeite is not easily accomplished. (3) The partial pressure of water may have been profoundly affected by the serpentine mass. If it is assumed that the formation of jadeite took place during or shortly after the period of serpentinization, the water content may have been reduced by the conversion of the ultramafic to serpentine. Thus, vein jadeite may have formed where the water phase was nonexistent or greatly reduced in quantity. As shown by Adams (1953) and Fyfe & Valpy (1959) , a dry environment favours the formation of jadeite. (4) Excluding the vein-type jadeite, the localized distribution of the other jadeite bodies and zones gives some credence to the possibility that shearing or directed pressures may be effective catalysts in causing jadeite to form. All the equilibrium studies on jadeite were made under hydrostatic pressures.
CONCLUSIONS
Formation of jadeite within the New Idria serpentine mass was restricted to large tectonic inclusions of albite-crossite schist and smaller zoned pods situated near these inclusions. Assuming that sodium was not introduced, the composition of these schists is similar to keratophyric lavas. Emplacement of the keratophyric blocks within the serpentine was accomplished during the period of orogeny when the serpentine invaded the geosynclinal sediments and volcanics of the Franciscan, at depth. Metamorphism of the keratophyric rocks developed, mainly, albite-crossite-stilpnomelane-acmite schists. Localized areas of high confining pressures along the margins of the tectonic inclusions gave rise to green jadeite-albite schists. Continuing tectonic movement and possible mobilization of a liquid rich in the jadeite molecule and low in H 2 O produced crosscutting veins of white jadeite+albite. A lowering of the water pressure could have resulted in the later replacement of albite-jadeite by zeolites. The smaller pod-like bodies may have been keratophyric blocks that reacted to a greater extent with fluids within the serpentine, giving rise to a rodingite-like calcsilicate zone surrounding the jadeite core. The Californian, Burmese, and Japanese bodies all follow the same pattern; that is, a central Na-Al silicate core grading into border zones of lower silica and sodium content and increasing in Ca-Mg silicates. It seems apparent that these bodies have reacted with fluids within the serpentine and, in so doing, a typical metamorphic differentiation trend was developed. Similar zoning has been recognized in serpentines both at their contacts (Phillips & Hess, 1936; Read, 1934) with siliceous country rock and for bodies within serpentine (Watson, 1953; Francis, 1955) . The metamorphic reaction between serpentines and siliceous rocks is characterized by enrichment of Na-Al silicates in the central zone and outward decrease in silica and enrichment in Ca-Mg. This environment, apparently common to serpentines, favours the formation of jadeite because of the low silica and enrichment of Na and Al.
Extremely high pressures are needed to form jadeite experimentally. Robertson et al. (1957) suggest a pressure of 15,000 bars and temperatures between 500° and 700° C to allow the ready formation of a jadeite-albite assemblage. If the assumption is made that these pressures and temperatures are attained only by depth of burial, it is necessary to allow 37 km of depth before these P-T conditions are satisfied (ibid., 1957) . In reconstructing the hypothetical depth of burial for the serpentine and contained jadeite deposits in the New Idria area, from stratigraphic data given by Reed (1951) , it is found that a range from 9 to 12 km appears feasible.
This reconstruction is based on the assumption that the emplacement of the serpentine into the geosynclinal sediments and volcanics of the Franciscan coincided with the Nevadan Orogeny and that during this emplacement, tectonic inclusions derived from the geosynclinal sediments and volcanics became immersed in the serpentine. The presence of serpentine debris in Miocene sediments derived from the New Idria mass indicates that the serpentine reached the surface during this time; therefore, to attain a depth of 12 km, it has to be assumed that the serpentine was covered by the total thickness of sediments making up the Jurassic to Miocene section in the New Idria area. It therefore seems impossible that these rocks could ever have been at depths up to 37 km.
Thus one is forced to call upon a unique situation to allow the stable formation of jadeite in the upper portions of the earth's crust. Based on thermodynamic calculations of Adams (1953) , it is possible to form jadeite in anhydrous conditions by the reaction nepheline+albite = 2 jadeite at approximately 240° C and 2,000 bars. The stability of crystalline OH-bearing minerals under varying P-T conditions dictates the P Hi0 to a great extent (Yoder, 1955) . In a serpentine mass, almost all the water may be effectively held in the structure of the serpentine minerals. Thus at great depths, the partial pressure of water in a serpentine mass could have been small compared to the total rock pressure. The tectonic inclusions, being small in mass compared to the serpentine body, are in essence affected by this same pressure as any residual interstitial water could migrate to the serpentine and be used in the process of further serpentinization. This effective mechanism would provide an anhydrous environment and also produce very low partial water pressures, both of which favour the formation of jadeite at low temperatures and somewhat reduced total pressure.
The localized nature of jadeite in the tectonic inclusions and pod-like bodies may be indicative of local shearing stress which could give rise to high enough pressures within these small areas to favour the formation of jadeite. However, the unique situation within the serpentine body which has produced a silica gradient away from the tectonic inclusions, combined with a dry environment, seems to be the important factor in the formation of jadeite. Further experimental work is needed to elucidate the role of diopside-acmite solid solution and its effect on the stability of jadeite. As yet we are not able to suggest a field of stability at high pressures and low temperatures for the reactions (1) and (3). Another problem regarding the stability of jadeite is its extensive development in metagraywackes in equilibrium with quartz and lawsonite (McKee, 1958; Bloxam, 1956) , within the Franciscan formation. The association of quartz with jadeite in these rocks moves us to reaction (3) where even greater pressures are needed to allow the stable formation of jadeite. Here again there is no evidence that these rocks attained depths greater than 12 km.
